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Melt compounding was used to prepare polycarbonate (PC)–zirconia nanocomposites with
different amounts of zirconia. The effect of the zirconia loading, in the range of 1–5 wt.%, on
the structure, mechanical properties and thermal degradation kinetics was investigated.
The zirconia nanoparticle aggregates were well dispersed in the PC matrix and induced
the appearance of a local lamellar order in the polycarbonate as inferred by SAXS ﬁndings.
This order could be a consequence of the intermolecular interactions between zirconia and
the polymer, in particular with the quaternary carbon bonded to the methyl groups and the
methyl carbon as inferred from the NMR results. The presence of zirconia caused a decrease
in the storage and loss moduli below the glass transition temperature. However, the high-
est amount of zirconia increased the modulus. The presence of zirconia in PC slightly
increased the thermal stability, except for the highest zirconia content which showed a
decrease. The activation energies of thermal degradation for the nanocomposites were sig-
niﬁcantly lower than that for pure PC at all degrees of conversion.
 2013 Elsevier Ltd. All rights reserved.1. Introduction
Polycarbonate (PC) is an amorphous and inexpensive
polymer known for its excellent optical and mechanical
properties. PC nanocomposites have shown potential
applications in UV protecting sheets and ﬁlms [1–4]. There
are a number of recent papers reporting on the mechanical
properties, thermal stability and ﬂame retardancy of PC
nanocomposites containing different metal oxide nanopar-
ticles [5–10]. The results indicate that metal oxides have an
effect on the morphology, as well as mechanical and ther-
mal behavior of PC. Some authors found that the well dis-
persed metal oxide nanoparticles in PC improved its
surface, viscoelastic, and mechanical properties, and in-
creased its thermal stability. They related these observa-tions to the strong interactions at the polymer–ﬁller
interface [8–11].
PC–zirconia nanocomposites are promising materials
due to the interesting optical properties of the ﬁnal prod-
uct [12–14]. The nanocomposites prepared by in situ poly-
merization were found to be highly transparent with up to
50 wt.% ZrO2 nanoparticles, and exhibited good thermal
stability, hardness and elastic modulus. These results were
attributed to the interfacial interaction between the poly-
mer and the nanoparticles. However, the hardness and
thermal stability of the nanocomposites considerably de-
creased at high ﬁller contents [12,13]. The deterioration
in hardness was related to the agglomeration of the ZrO2
nanoparticles in the polymer matrix, and the decrease in
thermal stability to the evaporation of the entrapped or-
ganic solvent in ZrO2 agglomerates and/or the unreacted
monomer because of the low ﬁnal conversion. Imai et al.
[12] also modiﬁed the polycarbonate with sulphonic acid,
T.E. Motaung et al. / European Polymer Journal 49 (2013) 2022–2030 2023and this was found to further reduce the thermal stability
of the matrix polymer.
The purpose of this study was to obtain a deeper under-
standing of the interfacial interaction between zirconia
nanoparticles and PC in PC–ZrO2 nanocomposites prepared
through a melt compounding method. The effect of the
presence and amount of zirconia nanoparticles, prepared
using a sol–gel method, on the structure, thermal and
mechanical properties, as well as the thermal degradation
kinetics, of the PC was investigated. The composites were
characterized using transmission electron microscopy
(TEM), X-ray diffractometry (XRD), Small Angle X-ray Scat-
tering (SAXS), dynamic mechanical analysis (DMA), ther-
mogravimetric analyses (TGA), and 13C cross-polarization
magic-angle spinning nuclear magnetic resonance
(13C{1H} CP-MAS NMR).M
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2.1. Materials
Tetra-n-propylzirconate (Aldrich), capronic acid (Al-
drich), ethanol (Eurobase), ammonium hydroxide (Aldrich)
were used as received without further puriﬁcation. Com-
mercial grade bisphenol-A polycarbonate (PC, Makrolon
2407 produced by Bayer Material Science, Germany and
having a melt ﬂow rate at 300 C/1.2 kg of 20 g/10 min)
was used in pellet form. The resin was dried at 120 C over-
night under static vacuum before processing.
2.2. Zirconia preparation
The ZrO2 nanoparticles were prepared according to the
method reported by Bondioli et al. [15]. The zirconia nano-
particles were precipitated by slow addition of an alcoholic
solution containing capronic acid and tetra-n-propylzirco-
nate, previously reacted for 30 min at room temperature,
to a mixture of ethanol and water.
2.3. Composites preparation
The PC pellets were thoroughly mixed with 1, 2 and
5 wt.% zirconia for 10 min at 240 C and 30 rpm in a
50 mL internal mixer of a Brabender Plastograph (Duis-
burg, Germany). The total batch size was approximately
40 g. The mixed samples were melt-pressed into
150  150 mm2, 1 mm thick sheets at 240 C for 5 min.
2.4. Analysis methods
TEM micrographs were acquired using a JEM-2100
(JEOL, Japan) electron microscope operating at 200 kV
accelerating voltage. The obtained nanocomposites were
cut into 100 nm thick slices using a Leica EM UC6 ultra-
microtome. Slices were put onto a 3 mm Cu grid ‘‘lacey car-
bon’’ for analysis.
XRD patterns were recorded in the 2–70 2h range at
steps of 0.05 and a counting time of 5 s/step in a Philips
PW 1050 diffractometer, equipped with a Cu tube and a
scintillation detector beam. The X-ray generator workedat 40 kV and 30 mA. The instrument resolution (divergent
and antiscatter slits of 0.5) was determined using stan-
dards free from the effect of reduced crystallite size and
lattice defects.
SAXS measurements were taken using a Bruker AXS
Nanostar-U instrument whose source was a Cu rotating an-
ode working at 40 kV and 18 mA. The X-ray beam was
monochromatized at a wavelength k of 1.54 Å (Cu Ka)
using a couple of Göbel mirrors and was collimated using
a series of three pinholes with diameters of 500, 150 and
500 lm. Samples were directly mounted on the sample
stage to avoid additional scattering of the holder. Data
were collected at room temperature for 1000 s by using a
two-dimensional multiwire proportional counter detector
placed at 24 cm from the sample allowing the collection
of data in the Q range 0.02–0.78 Å. The measurements
were repeated in two different portions of each sample
to check its homogeneity.
13C cross polarization – magic angle spinning nuclear
magnetic resonance (13C {1H} CP-MAS NMR) spectra were
obtained at room temperature with a Bruker Avance II
400 MHz (9.4 T) spectrometer operating at 100.63 MHz
for the 13C nucleus with a MAS rate of 8 kHz, 500 scans, a
contact time of 1.5 ms and a repetition delay of 2 s. The
optimization of the Hartmann–Hahn condition [16] was
obtained using an adamantine sample. Each sample was
placed in a 4 mm zirconia rotor with KEL-F caps using silica
as ﬁller to avoid inhomogeneities inside the rotor. The pro-
ton spin-lattice relaxation time in the rotating frame
T1q(H) was indirectly determined, with the variable spin
lock (VSL) pulse sequence, by the carbon nucleus observa-
tion using a 90-s-spin-lock pulse sequence prior to cross-
polarization [17]. The data acquisition was performed by
1H decoupling with a delay time, s, ranging from 0.1 to
7.5 ms and a contact time of 1.5 ms. The proton spin-lattice
relaxation time in the laboratory frame T1(H) was deter-
mined, using the saturation recovery pulse sequence [18],
by the carbon nucleus observation using a 90–s–90 pulse
sequence prior to cross polarization with a delay time s
ranging from 0.01 to 3 s. The 13C spin-lattice relaxation
time in the rotating frame T1q(C) was determined, with
the variable spin lock (VSL) pulse sequence, applying the
spin-lock pulse after the cross-polarization on the carbon
channel [17]. The data acquisition was performed by 1H
decoupling with a spin lock pulse length, s, ranging from
0.4 to 30 ms and a contact time of 1.5 ms. The cross polar-
ization time TCH values for all the carbon signals of PC were
obtained through variable contact time (VCT) experiments
[19]. The contact times used in the VCT experiments were
0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 1.0, 1.2, 1.5, 2.0, 2.5, 3.0,
3.5, 4.0, 4.5, 5.0, 6.0 and 7.0 ms.
The dynamic mechanical analysis of the blends and
composites were performed between 40 and 180 C in
the bending mode at a heating rate of 5 C min1 and a fre-
quency of 1 Hz using a Perkin Elmer Diamond DMA (Wal-
tham, Massachusetts, USA).
Thermogravimetric analysis (TGA) was done in a Perkin
Elmer TGA7 (Waltham, Massachusetts, USA) under ﬂowing
nitrogen at a constant ﬂow rate of 20 mL min1. Samples
(5–10 mg) were heated from 25 to 600 C at different heat-
ing rates. The degradation kinetic analysis was performed
Fig. 2. Size distribution of zirconia nanoparticles in the 95/5 w/w PC–
ZrO2 nanocomposite.
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2024 T.E. Motaung et al. / European Polymer Journal 49 (2013) 2022–2030using the Flynn–Wall–Ozawa (FWO) and the Kissinger–
Akahira–Sunose (KAS) methods, described elsewhere [20].
TGA combined with Fourier-transform infrared (FTIR)
spectroscopy (TGA-FTIR) analyses were performed using
a Perkin Elmer STA6000 simultaneous thermal analyzer
(Waltham, Massachusetts, USA) under ﬂowing nitrogen
at a constant ﬂow rate of 20 mL min1. Samples (20–
25 mg) were heated from 30 to 600 C at 10 C min1 and
held for 4 min at 600 C. The furnace was linked to an FTIR
spectrometer (Perkin Elmer Spectrum 100, Massachusetts,
USA) with a gas transfer line. The volatiles were scanned
over a 400–4000 cm1 wavenumber range at a resolution
of 4 cm1. The FTIR spectra were recorded in the transmit-
tance mode at different temperatures during the thermal
degradation process.
3. Results and discussion
The TEM micrographs of the ZrO2 powder, reported in
our previous paper [21], showed aggregates with a large
number of particles (more than 30) of different sizes. In
each aggregate the bigger, quite thick particles (around
200–400 nm) were surrounded by smaller spongy particles
(50–100 nm). The TEM micrographs of the PC–ZrO2 nano-
composite having 5 wt.% of zirconia are reported in Fig. 1.
The histogram, shown in Fig. 2, was obtained after analyz-
ing several micrographs and depicts a relatively uniform
and large particle size distribution. It seems as if the aggre-
gates broke up into single particles and the particles dis-
persed in the polymer matrix. This could be a
consequence of the interaction between the nanoparticles
and the polymer matrix. At higher magniﬁcation it can
be seen that the nanoparticles are constituted of several
crystalline domains of about 5 nm whose atomic planes
are visible in Fig. 1E.Fig. 1. TEM micrographs of the 95/5It is expected that if interaction occurs at the interface,
the nanoparticles could induce a change in the polymer
structure. For this reason, XRD patterns were registered
(Fig. 3). The pattern of the zirconia powder indicated that
the zirconia consisted of 80 wt.% of tetragonal zirconia
and 20 wt.% of monoclinic Baddeleyite, as reported in a
previous paper [14]. The diffraction pattern of PC shows
an intense broad diffraction peak around 17, a shoulder
around 26 and another broad peak at 44. The diffraction
peak is superimposable on the WAXS pattern reported in
literature [22], and is typical of an amorphous material.
The XRD patterns of the PC–ZrO2 nanocomposites having
1, 2 and 5 wt.% of ZrO2 do not show the characteristic peak
of zirconia as a consequence of the low amount of small
zirconia nanoparticles. The typical PC diffraction peaks dow/w PC–ZrO2 nanocomposite.
Fig. 4. (A) SAXS intensities vs. Q of PC and the composites; (B) SAXS
intensities vs. Q for the composites after subtracting the PC contribution.
Fig. 3. XRD patterns of zirconia powder, pure PC and the PC–ZrO2
composites.
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T.E. Motaung et al. / European Polymer Journal 49 (2013) 2022–2030 2025not undergo any signiﬁcant change, except for a decrease
in intensity with an increase in the amount of zirconia. This
cannot be explained by simply considering the variation in
the electron scattering density. In fact, it does not linearly
change with composition. Furthermore, a broad peak ap-
pears at about 3.7, the intensity of which increases with
the amount of zirconia. It indicates the presence of a
repeating distance which cannot be ascribed to either the
crystalline structure of the nanoparticles or to the nano-
particle clustering. In fact, even assuming that the nano-
particles were in contact, the peak position, evaluated on
the basis of the nanoparticle size from the TEM micro-
graphs, should fall at 0.018, which is well below the ob-
served value. It follows that it has to be ascribed to some
structure induced in the polymer by the presence of the
zirconia. The peak shape is similar to that observed by
SAXS on crystalline PC [23], and which was ascribed to a
lamellar structure. This ﬁnding suggests that the zirconia
induced a local crystallization in the polymer. It has to be
noticed that the scattering peak reported in literature indi-
cates a long period distance of about 120 Å, which is al-
most 4 times the distance (c.a. 30 Å) evaluated form the
peak position in the diffraction data.
In order to get more clarity on this aspect, SAXS mea-
surements were performed. The SAXS two-dimensional
patterns of the nanocomposites, recorded at 24 cm sample
to detector distance, displayed an isotropic halo which
indicates that no preferred crystallization occurred. They
were radially averaged, which gives a scattering intensity
I(Q) in the 0.02–0.77 Å1 Q range. Q, the momentum trans-
fer, is equal to (4p sin h)/k, where 2h is the scattering angle.
Measurements, carried out on different portions of the
samples, were superimposable thus conﬁrming that the
samples were homogeneous. A comparison of the SAXS
experimental data of the pure PC and the composite sam-
ples, after correction for the transmission, the thickness
of the samples and for mylar, is shown in the Fig. 4.
The SAXS proﬁles show a monotonic decrease at low Q-
values followed by a peak, the intensity of which increases
with the amount of zirconia nanoparticles, thus conﬁrmingthe XRD data. A shoulder appears in the range 0.5–0.77 Å.
It can be ascribed to some small angle scattering due to
the amorphous PC. The PC intensity, properly weighted,
was therefore subtracted from the ones for the composites.
The corrected curves are shown in Fig. 3B. Since the low-
angle region of the pattern is dominated by a single peak,
the presence of a cubic arrangement was excluded and,
in agreement with literature [23], it was considered that
the backbones of the polymer could arrange to form lamel-
lae. On this basis, the model proposed by Nallet et al. [24]
was considered.IðQÞ ¼ A
ðQnpÞ2 þ 1
þ B
ðQ  QMÞ2n2l þ 1
þ Bk ð1Þwhere the ﬁrst term represents the quasi-Bragg peak due
to the stacking of the lamellar layers, the second the qua-
si-Bragg peak due to the stacking of the lamellar layers,
and Bk the incoherent scattering plus the instrumental
noise. A and B correspond to the scattering intensities from
the diffuse scattering and the quasi-Bragg scattering, nl is
the spatial correlation length of the lamellar layers, and
Qmax is the Q value corresponding to the peak intensity.
The intensities for the three composites computed by
means of Eq. (1) poorly reproduce the experimental values
Fig. 5. SAXS intensity vs. Q of the 99/1 w/w PC–ZrO2 nanocomposite.
Squares: experimental intensity; dotted line: ﬁt by means of Eq. (1);
continuous line: ﬁt by means of Eq. (2).
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2026 T.E. Motaung et al. / European Polymer Journal 49 (2013) 2022–2030as indicated by the dotted line reported in Fig. 5 as an
example for the 99/1 w/w PC–zirconia nanocomposite.
In our opinion the observed small-angle diffuse scatter-
ing does not depend on a density ﬂuctuation in the poly-
mer, but on the formation of a well-deﬁned
nanoparticle–polymer interface. On this basis, we modiﬁed
the Nallet model by considering that the diffuse small-an-
gle scattering could be described by means of a Porod con-
tribute. The resulting equation is:
IðQÞ ¼ B
ðQ  QMÞ2n2l þ 1
þ F
Q4
þ Bk ð2Þ
where the meaning of B, nl, QM and Bk are as described
above, F is equal to NqDq2S where Nq is the particle num-
ber density, Dq2 is the contrast i.e. the square of the differ-
ence between the electron density of the particle and that
of PC, and S is the interfacial area. The intensity computed
by this model well reproduces the experimental one for the
three nanocomposites. As an example the intensity com-
puted by means of Eq. (2) (continuous line) is compared
with the experimental one for the 99/1 w/w PC–zirconia
composite in Fig. 5. The values of the ﬁt parameters are re-
ported in Table 1. From the peak position (QM), using
Bragg’s equation, a repeat distance d of about 28 Å was
determined. These results are in fairly good agreement
with literature data where a cluster size of 30 Å, composed
of crystalline PC in a PCL-PC blend, was detected [23].
These clusters are correlated over a length of about 8 Å.
These ﬁndings conﬁrm that the zirconia nanoparticles in-Table 1
The values of the ﬁt parameters of the composites.
99/1 w/w PC–ZrO2 98/2 w/w PC–ZrO2 95/5 w/w PC–ZrO2
B 420(10) 1000(20) 3660(80)
QM 0.223(1) 0.217(3) 0.226(2)
nl 7.6(4) 8.6(3) 8.2(2)
Bk 90(10) 10(1) 10(1)
F 0.00614(3) 0.0131(2) 0.058(3)
R2 0.998 0985 0995duce lamellar crystallization in the amorphous polymer
through the formation of correlated clusters over a very
small distance. These ﬁndings could explain the appear-
ance of the peak at 3.7 in the XRD patterns. Since the
shape and position of the amorphous PC peaks in the
XRD patterns do not change, it indicates that the long
range structure holds. The fact that the intensity does not
linearly decrease with ﬁller amount could be a conse-
quence of both the contrast variation and the short range
lamellar order which developed in the presence of the zir-
conia nanoparticles.
The TGA curves of the pure PC and the PC–zirconia
nanocomposites are shown in Fig. 6. All the samples show
single-step degradation, and the presence of the ﬁller in PC
shows a slight increase in thermal stability, except for the
5% ﬁller containing nanocomposite which shows an obser-
vable decrease in thermal stability. According to McNeill
and Rincon [25] the main products of decomposition of
bisphenol A PC consist of cyclic dimers plus bisphenol A,
together with smaller amounts of volatile products includ-
ing carbon dioxide, p-cresol, p-ethyl phenol, phenol, p-vi-
nyl phenol, p-isopropyl phenol, carbon monoxide and
methane. They further suggested that the nature and wide
range of products indicates that the decomposition in the
absence of air and moisture probably proceeds mainly by
homolysis of the polymer chain and reactions of the radi-
cals so formed. Strong interaction between these radicals
and the zirconia particles would reduce their mobility
and retard the degradation process. Since TGA measures
mass loss, interaction between the volatile degradation
products and the zirconia particles would retard the vola-
tilization of these degradation products, which would also
increase the ‘degradation’ temperature, which in a TGA
analysis is actually the temperature where mass loss is de-
tected. In our case the free radicals formed during degrada-
tion, and the volatile degradation products, did not seem to
interact very strongly with the nanoparticles since the
mass loss temperature range of the PC was not signiﬁ-
cantly increased when zirconia nanoparticles were
present.Fig. 6. TGA curves of PC and the PC–zirconia-PC nanocomposites.
Fig. 8. FTIR curves at different temperatures during the thermal degra-
dation of PC in a TGA at a heating rate of 10 C min1.
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T.E. Motaung et al. / European Polymer Journal 49 (2013) 2022–2030 2027The isoconversional graphs of ln b versus 1/T and of ln
(b/T2) versus 1/T were plotted from the TGA curves of PC,
98/2 w/w PC–zirconia and 95/5 w/w PC–zirconia at heat-
ing rates of 3, 5, 7 and 9 C min1. The activation energy
values were calculated from the slopes of the isoconver-
sional plots. Both isoconversional methods give similar
values of the activation energies within experimental
uncertainty. Fig. 7 illustrates the relationship between
the activation energies and the degree of conversion. The
activation energy values of pure PC and its nanocomposites
generally show an increase with the degree of conversion
and fall within the range of activation energies for PC deg-
radation reported previously [7,26]. The activation energy
values of the pristine PC are lower than that of the 98/2
w/w PC–zirconia nanocomposite, but they are almost the
same above 40% mass loss. The 95/5 w/w PC–zirconia
nanocomposite shows much lower values than the pristine
PC and the 98/2 w/w PC–zirconia nanocomposite over the
whole degree of conversion range. These observations can
be explained by the fact that the agglomerated zirconia
particles in some way reduced the thermal stability by cat-
alyzing the degradation reactions. Such a catalytic effect
has been reported by other authors and quoted in our pre-
vious paper on PMMA-zirconia nanocomposites [21].
The increase in activation energy with an increase in
degree of conversion was also observed by us when inves-
tigating PMMA-SiO2/TiO2/ZrO2 nanocomposites [20,21,27]
and also by other authors [28,29]. It was generally ex-
plained as changes in the degradation mechanism with
increasing degree of conversion. An earlier study on the
thermal degradation mechanism of bisphenol-A polycar-
bonate reported that carbonate linkages are the major
points of degradation at lower temperatures (<400 C),
while at higher temperatures the isopropylidene group is
also susceptible to loss of methyl radicals [30]. Below
500 C, no free radical reactions were observed for the car-
bonate group, but rearrangement of the carbonate moiety
prevailed. It is quite possible that the char formed during
the degradation of PC retarded the movement of the free
radicals, which led to the observed increase in activation
energy with an increase in degree of conversion. The high-Fig. 7. Ea values obtained by the OFW and KAS degradation kinetics
methods.
M
Aer activation energy values for the 98/2 w/w PC–ZrO2 can
be attributed to interaction between the nanoparticles,
the free radicals formed during PC degradation (which
led to trapping of free radicals by the nanoparticles), and
the volatile substance. The lower activation energy values
for the 95/5 w/w PC–ZrO2 nanocomposite may be related
to a catalytic effect of the nanoparticles on the PC degrada-
tion. It seems as if there are two opposing effects that play
a role in the degradation of PC in the presence of zirconia.
More char formation leading to a retardation of the degra-
dation process seems to be prevalent at low zirconia con-
tents where the extent of ﬁller agglomeration is lower,
while the zirconia predominantly acts as a catalyst at high-
er ﬁller contents where there are higher extents of
agglomeration.
TGA-FTIR analyses were done to establish the nature of
the degradation product(s), and to conﬁrm the observa-
tions from the kinetic analysis of the thermal degradation
process of PC and the PC–zirconia nanocomposites. Fig. 8
shows the FTIR spectra of the degradation products of pure
PC at different temperatures during the degradation pro-
cess. All the spectra almost perfectly match the known
spectrum for the thermal decomposition of bisphenol-A
polycarbonate in which CO2, phenol and bisphenol A are
the main volatile products. Some band assignments are
listed in Table 2.
No new peaks or peak shifts were observed for the
nanocomposite sample. There is a clear increase in peak
intensity for all the characteristic peaks with increasing
temperature, it reaches a maximum, and decreases againTable 2
FTIR band assignments for PC.
Wavenumber (cm1) Assigned vibrations
3658 Free alcohols (aliphatic substituted phenol)
2974 CAH stretching
2388–2119 Asymmetric stretching mode of CO2
1606 Ring stretching
1509 Skeletal vibration of phenyl compounds
1257 Aromatic ether stretch
1182 Carbon hydroxyl stretching band
833 Bending mode of CO2
Fig. 9. FTIR curves at different temperatures during the thermal degra-
dation of PC with 5 wt.% zirconia in a TGA at a heating rate of 10 C min1.
Fig. 10. (A) Storage modulus, (B) loss modulus and (C) tand curves of PC
and 95/5 w/w PC–zirconia.
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2028 T.E. Motaung et al. / European Polymer Journal 49 (2013) 2022–2030with further increase in temperature. The 95/5 w/w PC–
zirconia sample shows the same spectra and a similar
trend (Fig. 9). The peaks at 429 C for PC are less intense
than the corresponding peaks of the PC in the nanocom-
posite. The intensities of the peaks for PC seem to reach a
maximum between 503 and 532 C, while the maximum
position for the nanocomposite seems to occur around
458 C. This suggests that the degradation process is accel-
erated when zirconia nanoparticles are present, which sup-
ports the TGA and degradation kinetics data and
explanation.
The DMA curves of the pure PC, and the PC–zirconia
nanocomposite having 5 wt.% of zirconia are shown in
Fig. 10. The nanocomposite has higher storage modulus
values over the whole temperature range, but the differ-
ence is signiﬁcant during and above the glass transition.
The formation of crystalline domains around the nanopar-
ticles, which effectively improved the interaction between
the zirconia particles and the polymer chains, is the most
probable reason for the higher storage modulus values in
the case of the nanocomposite. Both the loss modulus
and tand curves show a higher glass transition tempera-
ture for the PC in the nanocomposite. This supports the
explanation of a fairly strong interaction between the zir-
conia particles and the PC chains, which reduced the
mobility of the polymer chains.
Since there is evidence that a local ordered structure is
induced by the nanoparticles, 13C {1H} CP-MAS NMR mea-
surements were performed in order to understand at
which molecular level the interactions occur, and to at-
tempt to ﬁnd a correlation between the mechanical prop-
erties, the kinetics of degradation and the molecular
structure of the polymer. The 13C {1H} CP-MAS NMR spec-
tra of the PC–ZrO2 composite loaded with 5 wt.% of zirco-
nia are reported in Fig. 11. Five peaks are present in the
spectra: peak 1 at 149 ppm is related to the quaternary
carbons of the aromatic rings and to the carbonyl carbon,
peak 2 at 127 ppm to the aromatic carbon in meta to the
oxygen, peak 3 at 120 ppm to the aromatic carbon ortho
to the oxygen, peak 4 at 42 ppm to the quaternary carbon
bonded to the methyl groups, and peak 5 at 31 ppm to the
methyl carbons, according to literature [31]. No modiﬁca-tion in the chemical shift and in the band shape is observed
in the spectrum of the PC–zirconia nanocomposite, indicat-
ing that no chemical modiﬁcation occurred in the polymer.
Thus, the relaxation times in the laboratory frame T1(H), in
the rotating frame T1q(H), and T1q(C) and the cross-polari-
zation time TCH were determined through solid-state NMR
measurements in order to evaluate the dynamic modiﬁca-
tions occurring in the polymeric chain of the PC matrix
after composite formation. The T1(H), T1q(H), T1q(C) and
TCH values obtained from each peak in the 13C spectra of
all the samples are reported in Table 3.
Fig. 11. 13C {1H} CP-MAS NMR spectra of PC and PC–zirconia nanocomposite loaded with 5 wt.% of zirconia. Numbers on the peaks identify the carbon
atoms. The  symbol indicates spinning sidebands.
Table 3
T1(H), T1q(H), T1q(C) and TCH values for all the carbons in the 13C spectra of PC and the 95/5 w/w PC–zirconia nanocomposite.
Carbon ppm T1(H) (s) T1q(H) (ms) T1q(C) (ms) TCH(ms)
PC 95/5 w/w PC–ZrO2 PC 95/5 w/w
PC–ZrO2
PC 95/5 w/w
PC–ZrO2
PC 95/5 w/w
PC–ZrO2
1 149 0.39 ± 0.02 0.43 ± 0.03 4.9 ± 0.2 5.3 ± 0.3 41 ± 0.2 43.4 ± 0.8 1328 ± 127 1211 ± 92
2 127.5 0.41 ± 0.03 0.40 ± 0.02 5.4 ± 0.2 5.3 ± 0.2 10.9 ± 0.1 9.6 ± 0.9 117 ± 28 183 ± 31
3 120 0.39 ± 0.01 0.42 ± 0.02 5.2 ± 0.2 5.2 ± 0.3 10.2 ± 0.2 9.4 ± 0.9 64 ± 12 151 ± 22
4 42 0.40 ± 0.01 0.42 ± 0.01 4.8 ± 0.2 5.1 ± 0.4 18 ± 0.2 35.1 ± 0.7 1059 ± 97 831 ± 62
5 31 0.42 ± 0.01 0.41 ± 0.02 4.9 ± 0.3 5.0 ± 0.3 19.2 ± 0.1 33.3 ± 0.4 275 ± 20 239 ± 16
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T.E. Motaung et al. / European Polymer Journal 49 (2013) 2022–2030 2029The presence of the ﬁller in the PC matrix did not signif-
icantly affect the T1(H) and T1q(H) values. This indicates
that the spin diffusion phenomenon averaged the dynamic
behavior of the polymer and that the composites were
dynamically homogeneous in a range from tens to hun-
dreds of nanometres. On the contrary, in the PC–zirconia
nanocomposite the T1q(C) values for peaks 1, 2 and 3 were
unchanged, while the values for peaks 4 and 5 relative to
the quaternary carbon bonded to the methyl groups and
of the methyl carbons were higher than the ones for the
pure PC. In addition, an increase in the dipolar coupling
TCH for the protonated aromatic carbons is observed. This
implies that the main motions involving this part of the
polymeric chain are hindered by the presence of zirconia,
indicates speciﬁc intermolecular interactions. These inter-
actions slightly involved the protonated aromatic carbons.4. Conclusions
The zirconia nanoparticles, organized in clusters uni-
formly dispersed in polycarbonate, did not change the
polymer structure, but induced a modiﬁcation in the orga-
nization of the PC chains. DMA showed that the polymer
chain immobilization became signiﬁcant at 5% zirconia
content. The thermal degradation process seems to depend
on the amount of zirconia, and the accompanying differ-
ences in particle size and PC–zirconia interaction. NMR
analysis shows intermolecular interactions between zirco-
nia and the polymer, in particular with the quaternary car-
bon bonded to the methyl groups and the methyl carbons.
These interactions could be responsible for the differences
in the polymer chain mobility and thermal degradation
mechanism. The ordered structure induced by the nano-
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2030 T.E. Motaung et al. / European Polymer Journal 49 (2013) 2022–2030particles and strong interfacial interactions between the PC
and zirconia could also account for the observed
differences.
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